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As the demand for energy continuously increases, alternatives to fossil resources must be
found to both prevent fossil source depletion and decrease overall environmental impact.
One solution is increasing contributions from renewable, biological feedstock, and from
wastes. This paper presents an analysis of the current methods of biomass conversion, to
extract biofuels and biologically produced gases to then be used in fuel cells. Pathways for
converting biomass feedstock into fuel cell fuels selected here were anaerobic digestion,
metabolic processing, fermentation, gasification, and supercritical water gasification,
which were compared to natural gas and fossil hydrogen reference cases. These thermo-
chemical and biological conversion pathways can also make use of residues from agri-
culture, forestry, or some household and industry wastes, producing hydrogen and
hydrogen-rich gases. Solid oxide fuel cells were also found to be the preferred technol-
ogy for such bio-derived fuel gases, due to their wide range of fuel options, wide scalability
from single kW to multi 100 kW, and high efficiency.
© 2018 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).industrial sectors, with the majority coming from traditional
The potential for biomass
Biomass has been utilised by human cultures for millennia
and was a dominant source of energy long before the dis-
covery of fossil fuels [1]. It is only in recent years that biomass
is being re-integrated into supplying energy at a major scale.
Biomass based global annual electricity production has risen
from 227 TWh in 2004 to 646 TWh in 2016 [2,3]. It produces
biofuels like biodiesel and ethanol, or chemical rawmaterials,
such as for pharmaceuticals and plastics. At present, biomass
is predominately used for heating in both domestic andPower; LHV, Lower Heati
Fuel Cell; SOFC, Solid Oxi
.A. Archer).
vier Ltd on behalf of Hydroge
/).biomass sources, for example fuel wood. It is also used in the
transport sector in the form of biofuels (0.8% of total global
energy consumption, 2.8% of all transport [2]).
Lipid and protein rich agricultural crops can be employed
to produce biofuels, such as biodiesel from rapeseed and palm
oil, which is a versatile substitute/blender for fossil diesel.
Biodiesel production increased internationally from 2.4 billion
litres annually in 2004 [3] to 30.1 billion litres in 2015 [2], a
factor of 12.5. However, care has to be taken that no conflicts
arise between crop use for food or fuel production, causing a
potential reallocation of crops from food to energymarkets [4].ng Value; SCWG, Supercritical Water Gasification; PSA, Pressure
de Fuel Cell; AFC, Alkaline Fuel Cell; MCFC, Molten Carbonate Fuel
n Energy Publications LLC. This is an open access article under the CC BY
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 3 ( 2 0 1 8 ) 2 3 1 7 8e2 3 1 9 2 23179Biomass can extend to include waste streams, such as
municipal solid wastes, animal wastes, and food processing
wastes, or aquatic plants, including algae [5]. Biomass resi-
dues and wastes can be used as feedstock for the production
of sustainable, ‘carbon-neutral’ hydrogen from various bio-
polymers like carbohydrates and lignin that are produced
during the growth of biomass [5,6]. Waste biomass streams
should be prioritised over using resources with existing mar-
kets. Using unutilised waste biomass decreases demands and
competition for existing products, namely food, by providing
new resources that can provide the same end product e
gaseous or liquid energy vectors.
In the following, the term ‘biomass’ will be limited to
wastes, embracing virtually zero costs for the feedstock, or
even earning a premiumby disposing of thewaste agricultural
slurries and waste residues, like straw, stover, and digestate,
and recycled waste streams, such as forestry trimmings.
Using biomass conversion pathways that yield hydrogen-rich
gases like biogas and syngas (Table 1) can provide alternatives
for fossil natural gas and can produce higher useable gas
yields than direct hydrogen extraction for example from bio-
hydrogen producing algae.
As biogas and syngas are rich in hydrogen content, they
can be used directly (after removal of impurities) in boilers,
engines, and fuel cells [e.g. combined heat and power (CHP)
plants] or reformed to pure hydrogen, for use in fuel cell ve-
hicles. Thus, a shift from fossil fuel natural gas and crude oil to
hydrogen-rich gases from biological and waste sources will
reduce both the demand for primary fossil resources and the
amount of waste sent to landfill [12], as well as avoiding fossil
CO2 release to the atmosphere.
This study focuses on various biomass (waste) streams and
investigates the sustainable potential of these biomass path-
ways for production of fuel gases for fuel cells [13]. It assesses
production efficiencies, upgrading/reforming, and added
value products. Agriculture can provide sources for biogas
production from energy crops or wastes, using anaerobic di-
gesters [14]. This technology can be used to change current
aerobic digestion of wastes onsite (typically compost piles,
which produce ammonia and carbon dioxide, or landfills) to
anaerobic processes, which produce and capture biogas.
Systematic analysis methodology
Seven methods of biomass conversion to hydrogen-rich fuel
gases were investigated via systematic literature review of the
core processes, their variations (light/dark/aerobic/anaerobic),
and feedstocks (summarised in Section 2). Each pathway has
been summarised with inputs, outputs, and additionalTable 1 e Molar compositions of Biogas and Syngas.
Molar Composition of Biogas
Methane CH4 / ~60%
Carbon Dioxide CO2 / ~39%
Nitrogen N2 / < 1%
Hydrogen Sulphide H2S / Trace amounts
Silicon Dioxide SiO2 / Trace amounts
Adapted from Refs. [7e11].processes for fuel upgrading/cleaning, consolidated, and
linked to their final product (biogas/(bio)hydrogen/syngas).
Common biomass feedstocks for each pathway were identi-
fied from literature. Efficiency data was explored and
compared against two reference cases, use of natural gas and
fossil hydrogen in a fuel cell (Section 3).Biomass paths to fuel gases
The growing interest in biomass use for energy supply has
resulted in the development of many conversion techniques
to produce biofuels: biological (fermentation, anaerobic
digestion, and metabolic processing), thermochemical (gasi-
fication and supercritical water gasification (SCWG) for gas
production, and pyrolysis and subsequent liquefaction for
liquid fuels), and extraction of carbohydrates, lipids, and hy-
drocarbons, e.g. for alcohol and biodiesel production. Fig. 1
offers a comprehensive overview of the different pathways
of turning biomass into an energy vector compatible with to-
day's energy markets. Many of these pathways e as indicated
in Fig. 1 e result in gaseous fuels that are immediately useful
for operating high temperature fuel cells (including any mix-
tures containing hydrogen, carbon monoxide, and methane,
for example) or even supply hydrogen at various purity levels.
These biomass pathways and hydrogen extraction methods
have been discussed in detail in Ref. [15], and have been
summarised across a multitude of papers [5,15e29]. Specific
reference to hydrogen and fuel gases for use in fuel cells was
made in Refs. [27,30,31], also covering direct hydrogen pro-
duction from algae [32]. Life Cycle Analysis of some of these
production methods was covered in Refs. [33,34].
Fig. 1 demonstrates the complexity of biomass conver-
sion, as there are many cross-overs between different path-
ways, for instance when unutilised (by)products from one
pathway can be utilised as another's input (i.e. anaerobic
digestion digestate or algal biomass for liquefaction). The
flow chart is structured as per the legend, with the start of
the pathways in the numbered boxes. Products throughout
each stage are highlighted with thicker outlined boxes. In
regards to the variety of uses these products have, the pri-
mary and secondary processes demonstrate the natural flow
of where the product is currently used (primarye solid lines),
and if there is an upgrading/clean-up process (secondary e
dotted lines) to produce a more refined product. The alter-
native flows (dashed lines) show substitute applications, for
instance if the bio-char produced in pyrolysis/liquefaction is
not sold for revenue but is combusted (as substitute for coal)
for electricity/heat generation.Molar Composition of Syngas
Hydrogen H2 / ~50e52%
Carbon Monoxide CO / ~25e28%
Carbon Dioxide CO2 / ~16e19%
Methane CH4 / ~4e6%
Sulphur Dioxide SO2 / Trace amounts
Fig. 1 e Biomass conversion pathways and biofuel extraction. Adapted from: [15,37].* A ‘Hydrogen Separation’ or ‘Methane
Purification’ stage is where gas mixture components are removed to produce pure hydrogen or methane, typically via
pressure swing absorption (PSA). NB: ‘Reforming Shift’ in refers to steam methane reforming.
i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 3 ( 2 0 1 8 ) 2 3 1 7 8e2 3 1 9 223180There are five principal pathways that produce a variety of
hydrogen-rich gases from biomass. Biomass sources high in
carbohydrates and proteins, such as agricultural crop wastes
(i.e. straw and stover [35]), and waste fats and vegetable oils
from food preparation [36] can be utilised by biological con-
version techniques, (1) anaerobic digestion, (2) metabolic
processing, and (3) fermentation, and to produce biogas,
methane, and hydrogen. Alternatively, thermochemical con-
version techniques, (4) gasification and (5) SCWG, utilise pre-
dominately lignocellulosic biomass (ranging from forestry
residues to perennial grasses [4]) to produce syngas. Increas-
ingly, the feedstocks are sourced from waste streams that do
not impact, or are complementary to, food markets. Use of
waste vegetable oils is increasing in raw materials markets,
such as those for liquid fuels.
In addition, there are four pathways producing liquid fuels:
Pyrolysis, Liquefaction, and Extraction of lipids/hydrocarbons
and carbohydrates (un-numbered), with diesel, gasoline/pe-
troleum, kerosene, methanol, and ethanol as an output.
Liquefaction can be utilised by both thermochemical and
biological conversion feedstocks, as long as the biomass has a
high moisture content e such as agricultural wastes and
slurries. The resulting bio-oil can be refined into liquid fuels.
The final pathway is Combustion/Co-firing (not numbered),
which is currently the most common method of biomass
utilisation [38e44]. One of the unmentioned by-products of
pyrolysis is syngas, which is not further mentioned here since
it is generally usedwithin the plant for producing process heat
[45,46]. These five pathwayswill not be assessed as part of thispaper and are only mentioned here for completeness, due to
the focus being on gaseous fuels for fuel cells alone.
Pathway summary
The different pathways and their fuel gas outputs are sum-
marised in Table 2. Natural gas and hydrogen produced from
fossil sources are included as reference cases, although only
the gas energy value is considered as there is no biomass
input. The efficiencies of these pathways will be further
evaluated in the following sections of this paper.
Pathways 2 and 3 produce hydrogen directly, and the other
three have the potential to produce pure hydrogen. All path-
ways will require additional processes of reforming and/or
purification, such as steam methane reforming, water-gas
shift reaction, and/or gas separation. Alternatively, there is
also dry reforming, which is a catalytic reaction where
methane is reformed with carbon dioxide to produce syngas
[47], much like that produced by Gasification and SCWG
(pathways 4 and 5). Carbon monoxide/carbon dioxide can
then be removed from the syngas via PSA to leave only
hydrogen or the syngas to be processed directly in a high
temperature fuel cell [48].
The nature of hydrogen production from metabolic pro-
cessing should also be considered. As this process is photo-
biological, there is no initial input of raw biomass, only algae
and what it needs to grow and produce the hydrogen along-
side growth. Therefore, there are no feedstock energy values
for the live algae.
Table 2 e Biological pathway feedstocks, outputs, by-products, and chemical reaction equations for various stages of
conversion (references also within table).
Feedstock Energy
Value
Pathway Inputs as received
(kWhe/kg)
dry and
ash free
(kWhe/kg)
Outputs By-Products Process Stage Process Chemical
Reaction Equations
Ref's
1 Anaerobic
Digestion
Plant Biomass
Animal Slurry
Biowastes
4.16 5.20 Biogasa Digestate
Sludge
Hydrolysis (1) C6H10O4 þ 2H2O/
C6H12O6 þ H2
[73]
Acidogenesis (2) C6H12O6/ 2CH3CH2OH þ
2CO2
[73]
(3) C6H12O6 þ 2H2/
2CH3CH2COOH þ 2H2O
[73]
Acetogenesis (4) C6H12O6 þ 2H2O/
2CH3COOH þ 2CO2 þ 4H2
[73,74]
Methanogenesis (5) CO2 þ 4H2/ CH4 þ 2H2O [73,74]
(6) CH3COOH/ CH4 þ CO2 [73,74]
Overall Reaction (7) C6H12O6/ 3CH4 þ 3CO2 [75]
2 Metabolic
Processing
Carbon
Dioxide
Water
Nutrients
n/ab n/ab Hydrogen Oxygen
Recycled
Carbon
Dioxide
Bioreactor
Sludge
C. reinhardtii (8) Photons þ 2H2O/
2H2 þ O2
[19,28,70,
76e78]
(9) 2Hþ þ 2e-/ H2 [69]
Cyanobacteria (10) Photons þ 6H2O þ
6CO2/ C6H12O6 þ 6O2
[19,28,67,
70,76,79]
(11) C6H12O6 þ 2H2O/
4H2 þ 2CH3COOH þ 2CO2
[28,76]
(12) Photons þ 2CH3COOH þ
4H2O/ 8H2 þ 4CO2
[28,76]
ATP Phase (13) 2Hþ þ 2e þ 4ATP/
H2 þ 4ADP þ 4Pi
(inorganic phosphate)
[69,76]
Overall Reaction (14) Photons þ 12H2O þ/
12H2 þ 6CO2
[76]
3a Dark
Fermentation
Biowastes
Digestate
Bioreactor
Sludge
3.05 5.28 Hydrogen Acetic Acid
Recycled
Carbon
Dioxide
Heterotrophic
bacteria
(15) C6H12O6 þ 2H2O/
2CH3COOH þ 2CO2 þ 4H2
[76]
3b Light
Fermentation
Biowastes
Digestate
Bioreactor
Sludge
3.05 5.28 Hydrogen Recycled
Carbon
Dioxide
Phototrophic
bacteria
(16) Photons þ 4H2O þ
2CH3COOH/ 4CO2 þ 8H2
[65,67,
76,80]
Two stage
fermentation
(17) C6H12O6 þ 6H2O/ 6CO2 þ
12H2
[65,76]
4 Gasification Dry Biomass 4.36 5.78 Syngasc Slag/Ash Dry gasification (18) Heat þ 2C6H10O5 þ 4H2O/
10H2 þ 6CO þ 4CO2 þ 2CH4
[1,92]
Water-gas shift
reaction
(19) 6CO þ 6H2O/ 6CO2 þ 6H2 [28]
5 Supercritical
Water
Gasification
Wet Biomass
Water
4.36 1.94d Syngasc Wet gasification (20) Heat þ 2C6H10O5 þ 5H2O/
13H2 þ 7CO þ 4CO2 þ CH4
[11,93]
Water-gas shift
reaction
(21) 7CO þ 7H2O/ 7CO2 þ 7H2 [28]
RCa Reference
Case NG
Sour Natural
Gase
n/af n/af De-sulphured
Natural Gas
Contaminant
Gases
(Sulphur)
Desulphurisation (22) [CH4 þ C2H6 þ N2 þ
CO2 þ SO2] þ AC (Activated
Carbon)/ [CH4 þ C2H6 þ N2 þ
CO2] þ [SO2 þ AC]
[94,95]
RCb Reference
Case H2
Sour
Natural Gas
n/af n/af (Fossil)
Hydrogen
Carbon
Dioxide
(and Sulphur)
Steam reforming (23) CH4 þ 2H2O/ 4H2 þ CO2 [18]
Background sources: Anaerobic Digestion e [49e55], Metabolic Processing e [56e64], Fermentation e [28,65e72]Background sources: Gasifica-
tion e [12,81e84], SCWG e [8,84e87], RC Natural Gas e [88], RC Hydrogen e [21,89e91].
Assumed chemical compositions, equations, and feedstock energy values from literature and Phyllis2 [7e11,93,94,96].
a Biogas composition (~60% CH4, ~39% CO2, ~1% N2, trace H2S).
b Metabolic processing has no raw biomass input (photobiological process).
c Syngas composition (~50e52% H2, ~25e28% CO, ~16e19% CO2, ~4e6% CH4, trace SO2).
d SCWG biomass is processed by increasing the moisture content, not reducing it via drying.
e Sour Natural Gas composition (~95% CH4, ~2.5% C2H6, ~1.5% N2, <1% CO2, trace SO2).
f Sour Natural Gas has no feedstock as there is no biomass input.
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 3 ( 2 0 1 8 ) 2 3 1 7 8e2 3 1 9 2 23181
i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 3 ( 2 0 1 8 ) 2 3 1 7 8e2 3 1 9 223182Fuels for fuel cells
Fuel cells use a variety of fuels, typically hydrogen, to produce
electricity, water, and heat [97] with air typically being the
oxidant. They are modular units, built in a variety of sizes and
types, but the principal behind each of them is the same [97]: a
fuel cell is made up of a fuel electrode with an oxidation
catalyst (anode), and an air electrode with the oxygen reduc-
tion catalyst (cathode), both sides separated by the electrolyte
‘membrane’. For this paper, one fuel cell from each end of the
temperature spectrum will be assessed for generation of
1 MWh of electrical output, using gases produced from the
summarised biomass conversion pathways.
Fuel cell electrochemical processes occur on the electrode-
membrane interface (triple phase boundary). Output is
therefore dominated by the total surface available for re-
actions. To increase the output of the fuel cell, the accessible
surface area of the electrodes must increase, both by
increasing the overall geometric size as well as the catalyst
surface (e.g. introducing nanoparticles). The catalysts within
the anode and cathode adsorb and electrochemically split the
fuel and oxygen molecules, sending electrons to an external
circuit, thus producing an electrical current. The ionised
species produced pass through the membrane, taking up the
electrons on the opposite electrode. In the hydrogen fuel case,
this solely produces water, being removed from the fuel cell as
water vapour.
The fuel cell spectrum: a brief overview
This study compares the different biomass conversion sys-
tems and the fuels they produce and combines them with
different fuel cell applications. There aremany different types
of fuel cells that could be explored in the latter half of this
work. Fig. 2 illustrates the temperature ranges of the different
fuel cells and their ionic charge carriers, assuming hydrogen
fuel. The fuel cells operating at the lowest and highest tem-
peratures (Polymer Electrolyte Fuel Cell (PEFC) and Solid Oxide
Fuel Cell (SOFC)) are the chosen technologies for assessment
in this paper. This is not just due to their operating conditions,
but also because they are the most commercially available
fuel cells and demonstrate both the narrowest and widest use
of gaseous fuels. Other fuel cell types include Alkaline (AFC),
Phosphoric Acid (PAFC), and Molten Carbonate (MCFC) Fuel
Cells [98], and advancements are being made in bio-fuel cells
(made with bio-electrocatalysts made from microorganisms
[99].
Solid Oxide Fuel Cell
This is a ceramic fuel cell that has a high temperature and a
lower temperature variation. It has a solid ceramic electrolyte,
non-platinum catalyst [104], and operates on inputs of,
amongst others: syngas, natural gas, biogas, methane, or
hydrogen at ~650e800 C [30,100]. Logically, if the fuel gas
contains carbon, the fuel cell will emit carbon dioxide. This
emission is carbon-neutral if the fuel gas has been sourced
from biomass. Therefore, net carbon emissions only result
from using fossil resources such as town gas or natural gas,
both in the fuel stream itself and any ancillary energyconsuming steps involved in processing the fuel gas, which
are driven by fossil sources.
Low temperature variations of SOFCs run at 500e600 C
[105]. They lose the potential of internal reforming and will
need to be operated on hydrogen or syngas [103]. SOFCs are
currently predominately used for CHP in domestic and in-
dustrial applications [106,107], as well as auxiliary power units
on vehicles [30,108].
Polymer Electrolyte Fuel Cell
This is one of the most employed low temperature fuel cells,
due to its compact size and relative high volumetric and
gravimetric output capacity. Polymer electrolyte fuel cells
(PEFC) have a solid polymer membrane electrolyte and a
platinum catalyst, which is susceptible to carbon monoxide
contamination [101]. Due to this, PEFCs can only use pure
hydrogen to produce electricity, heat, and water at ~80 C
[100]. PEFC are predominately employed in mobile applica-
tions such as most all current fuel cell vehicles [109,110], but
also in uninterruptible power supply units, as well as sta-
tionary applications in domestic and industrial environments
[111,112].
Pathway comparison
The five pathways analysed in Table 2 convert biomass using
different methods to yield a variety of fuel gas products. Most
of these fuels can be utilised in the different fuel cell tech-
nologies explored in Section 3.1, some of which have internal
reforming, such as SOFCs [30], but gases may require cleaning
up to prevent, for example, sulphur poisoning [30]. This is due
to catalysts, such as platinumor nickel, being very sensitive to
impurities including sulphur, particulate matter, corrosive
components such as chlorine or fluorine, and siloxanes (oxi-
dises into silicon dioxide), which will compromise the per-
formance and efficiency of the fuel cell.
In Table 3, chosen pathway outputs, fuel gas clean-up/
reforming processes, fuel gas lower heating values (LHVs),
and the potential fuel cell applications have been summarised.
Fuels with high energy content, such as hydrogen, are
predominately the result of additional processing. However, it
is also directly produced in two biological processes, meta-
bolic conversion, and light/dark fermentation. Nevertheless,
both of these pathways initially have low efficiencies, due to
the (photo)biological limitations of the micro-organisms
involved [119]. The pathway efficiencies for gas production,
clean-up/reforming processes, and use of fuel gases have been
calculated below. Fig. 3 demonstrates how the whole system
works together, with products undergoing four stages of
conversion: Stage 1 e raw biomass to useable ‘chemical’
feedstock, Stage 2 e feedstock to raw gas, Stage 3 - raw gas to
fuel gas, and Stage 4 e fuel gas to electrical output.
These stages were calculated in reverse order, owing to the
choice of 1 MWh of electrical fuel cell output as the functional
unit. The amount of biomass feedstock and fuel gas was
required at each stagewas calculated starting from Stage 4 and
working backwards, based on available data and background
research (Equations (24)e(30)).
For Stage 4, the specific ‘fuel cell output’ (FCO) required to
produce a functional unit of 1 MWh electrical output was
Fig. 2 e Overview of fuel cell technologies, fuel inputs, outputs, operating temperatures, and efficiencies. Data and Diagram
modified from: [97,100e103]. Notes: (a) AFC efficiency relates to operation on pure oxygen, the others to use of air (21%
oxygen). (b) MCFC can only operate on hydrogen if a separate carbon dioxide feed is provided to the cathode.
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to determine the ‘fuel gas demand’ (FGD) for this 1 MWh
system, using Equation (25) to convert from kWh to MWh.
FCO (kWhe/kg) ¼ LHV * FCE (24)
FGD (kg) ¼ 1000 / FCO (25)
The ‘raw gas demand’ (RGD) was calculated for Stage 3 to
determine howmany kg of unprocessed raw gas are produced
per MWh of feedstock (Equation (26)). This used the fuel gas
demand (FGD) and (if any) ‘clean-up/reforming process effi-
ciencies’ (CRPE) for refined fuels. For CRPE of PEFC fuel gases,
only the purification via PSA process applies, as SOFCs
conversely have (internal) reforming processes already
included in the fuel cell efficiency itself. If there is more than
one clean-up/reforming step, Equation (27) is implemented as
part of Equation (26), with the mol wt% only being applied
when separating specific gas from a mixed fuel, i.e. wt% of
methane content within biogas for extraction and clean-up.
RGD (kg/MWh) ¼ FGD (/ CRPE) if applicable (26)
CRPE (%) ¼ Eff.1 * Eff.2 (* mol wt%) if applicable (27)
To make this assessment complete, the total feedstock
involved in the pathway was also required, so that lower ef-
ficiency pathways were better represented. The ‘chemical
feedstock demand’ (CFD) was calculated for Stage 2 (Equation
(28)), using the RGD divided by the pathway's ‘conversion
process efficiency’ (CPE). This corresponds to the chemical
conversion reactions (glucose/cellulose etc.) within the raw
waste biomass, which varies with each pathway.
CFD (kg/MWh) ¼ RGD / CPE (28)
The overall equation for calculating FGD from CFD is
shown in Equation (29):
FGD (kg/MWh) ¼ CFD * CPE * CRPE (29)
Once the CFD has been calculated, the calculation for Stage
1 can be made to determine the amount of raw feedstock
demand (RFD) required. It is assumed that any raw feedstock
received will go through refinement processing first (drying,
sorting, homogenising etc.); we will only refer to the useful
components in wet and dry condition (as received feedstock,
Far). For further calculation of conversion stages, we consider
the dry and ash free feedstock (Fdaf) as the pure chemical fuel
component stripped of any inorganic matter. As a technical
process this is not be completely accurate since an ‘ash
removal’ will normally take place within the conversion pro-
cess, e.g. as the ash from combustion or sand deposits in
fermentation. Nevertheless, in the physio-chemical processes
involved, only the chemical energy content (enthalpy, HV) of
the feedstock will be converted, thus effectively referring to
the convertible substance fraction alone (i.e. in Far). We
therefore use this concept in back-tracing the total amount of
feedstock required since online biomass databases, such as
Phyllis [96], provide LHV data for the two categories Fdaf and
Fig. 3 e Raw biomass feedstock to fuel gas process chain.
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RFD, as in Equation (30), by transforming between units of kg
and MJ.
(CFD (kg/MWh) * Fdaf (MJ/kg)) / Far (MJ/kg) ¼ RFD (kg/MWh)(30)
It is with this RFD unit that we can determine how much
original feedstock is required per MWh of electrical output
from the produced gaseous fuel, thus offering an assessment
of the overall efficiency of the process chain and the effort in
supplying the feedstock.
Fuel cell fuels analysis
All biological pathways discussed above can provide fuels for
the fuel cell technologies discussed in this paper. This is
because metabolic processing and fermentation directly pro-
duce hydrogen, with the advantage of being able to use waste
feedstocks. Conversely, thermochemical pathways predomi-
nately produce fuels for high temperature fuel cells, at a high
efficiency, with reforming options for producing hydrogen for
the low temperature fuel cells. The most commonly used fuel
cells at the time are SOFC for high temperature and PEFC for
low temperature, and so these were used for further analysis,
displayed in Table 4. The pathway efficiencies shown are the
initial conversion efficiencies for the chemical compositions
of the biomass feedstocks found across literature. These effi-
ciencies, as explained above, apply purely for the convertible
part of the biomass.
Anaerobic digestion and gasification efficiencies are 75%
[120e123]; for SCWG the value is taken as 70% [124,125]. The
clean-up and reforming efficiencies are representative for the
convertible gases (biomethane/natural gas) with 85% effi-
ciency [91,126]. This is also true for syngas carbon monoxide
upgrading to hydrogen using a water-gas shift reaction, with
85% efficiency [127]. Research has been conducted with cata-
lyst membranes, potentially increasing WGS efficiency up to
95% [128,129]. 1 kg of Biomethane is produced from 1.15 kg
biogas (87%). Hydrogen produced from biomethane and syn-
gas requires an additional purification process with 85% effi-
ciency before entering the (low temperature) fuel cell.
The biological hydrogen pathways are slightly different, as
their efficiencies are determined by the biological limitations
of the organisms driving the reaction. The algae producing
hydrogen via metabolic processing have a maximumproduction efficiency of 10% [119,130]. Dark and light
fermentation bacteria have a low biological conversion (15%
and 10%, respectively [19]) but a high hydrolysis conversion
efficiency of 50% and 80% [65]. This results in pathway effi-
ciencies of 9% and 6%. The clean-up efficiencies for these
pathways are 85%, reflecting an 80e90% PSA efficiency
[131,132].
For the natural gas and fossil hydrogen reference cases,
there are no initial process efficiencies as extraction of natural
gas from a reserve, which is estimated at 60e80% [133], is not
comparable to extraction of gases from biomass. Therefore, it
has been omitted and grid natural gas has been selected. From
there, the absorption separation membrane uses activated
charcoal to produce de-sulphurised natural gas with 95% ef-
ficiency [134]. This natural gas can also produce (fossil)
hydrogen via steam reforming at 85% efficiency, in addition to
the 95% efficiency of the natural gas clean-up, and the 85%
efficient purification process.
A first inspection of Table 4 shows that SOFCs are more
efficient in converting biomass-derived fuels than PEFC, due
to their higher performance and greater variation of fuels
(Fig. 2, previous). Of these 19 pathways (twelve SOFC vs. seven
PEFC), Table 4 initially found anaerobic digestion biogas and
gasification syngas to be the most efficient pathways at 75%.
The fuel cell output represents the amount of electrical
output (kWhe) possible from 1 kg of fuel gas. The fuel gas
demand denotes the quantity of fuel gas required to deliver
the 1 MWh fuel cell electrical output functional unit. Equation
(25) demonstrates how the data is converted from kWh to
MWh. Ideally, the lower the quantity of fuel gas required to
achieve the 1 MWh functional unit, the more sustainable its
performance. Seven of the twelve SOFC fuels achieved the
lowest quantities, at 50kg/MWh, due to the high electrical
efficiency and the high gravimetric energy density of
hydrogen fuel. Six of the seven PEFC fuels used 66kg/MWh due
to the lower FUE. All seven SOFC fuels had fuel gas demands
below 100kg/MWh; the other five were up to 500 kg. Unfortu-
nately, the amount of fuel gas alone does not allow any esti-
mates of sustainability of the specific pathway. The key
factors here are the electrical efficiency of the fuel cell and the
high gravimetric energy density of hydrogen fuel.
However, some pathways produce higher gas yields per kg
of feedstock than others, so to allow for this, the feedstock
demand for each pathway's fuel gas demand was calculated.
Table 4 e Full biomass and reference case pathways, their fuels, and efficiencies for SOFC and PEFC Data modified from: [18,19,65,93,96,119e125,128e132,135e143].
Pathway Process
Efficiency
Gas Clean-up
/Reforming
Efficiency
Fuel Gas Fuel LHV
(kWheq./kg)
Fuel Cell
Efficiency
Stack Fuel
Demand
(kg/MWh)
Chemical
Feedstock
Demand
(kg/MWh)
Feedstock Energy Values
As received Dry & ash free
(kWheq./kg) (kWheq./kg)
Raw Feedstock
Demand
(kg/MWh)
1a Anaerobic Digestion 75% n/a Biogas. Biomethane 10.00 SOFC ~60%
SOFC ~60%
SOFC ~60%
PEFC ~45%
166.65
119.99
49.99
66.66
261.42
267.62
655.86
874.58
4.16
4.16
4.16
4.16
n/a
n/a
n/a
n/a
261.42
267.62
655.86
874.58
1b 85% Hydrogen (BM) 13.89
1c 85% * 85% 33.34
2 Metabolic Processing 10% 85% Hydrogen 33.34 SOFC ~60% 49.99 n/a n/a n/a 588.19
PEFC ~45% 66.66 n/a n/a n/a 784.25
3a Dark Fermentation 9% 85% Hydrogen 33.34 SOFC ~60% 49.99 653.46 3.05 5.29 1131.66
PEFC ~45% 66.66 871.38 3.05 5.29 1508.88
3b Light Fermentation 6% 85% Hydrogen 33.34 SOFC ~60% 49.99 1069.30 3.05 5.29 1851.80
PEFC ~45% 66.66 1425.91 3.05 5.29 2469.07
4a Gasification 65% n/a Syngas. 3.61 SOFC ~60% 461.50 723.92 4.36 5.78 960.62
4b 85% * 85% Hydrogen (SG) 33.34 SOFC ~60% 49.99 1053.01 4.36 5.78 1397.30
PEFC ~45% 66.66 1651.98 4.36 5.78 2192.11
5a Supercritical Water Gasification 70% n/a Syngas 3.61 SOFC ~60% 461.50 775.63 4.36 n/a 775.63
5b 85% * 85% Hydrogen (SG) 33.34 SOFC ~60% 49.99 1128.23 4.36 n/a 1128.23
PEFC ~45% 66.66 1504.48 4.36 n/a 1504.48
RCa Reference Case Natural Gas 85% 95% De-sulphurised Natural Gas 13.89 SOFC ~60% 119.99 166.29 n/a n/a 166.29
RCb Reference Case Fossil Hydrogen 85% 85% * 85% (Fossil) Hydrogen 33.34 SOFC ~60% 49.99 325.83 n/a n/a 386.92
PEFC ~45% 66.66 434.29 n/a n/a 515.95
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explored in Section 2, as well as literature data. This was
predominately due to the varieties of different reactor types,
capacities, outputs, and feedstock LHVs, which will be dis-
cussed in Section 3.3.
Of the biological pathways, algae perform biological
metabolic processing, which directly uses photons from light
to produce energy for breaking down water. The solar con-
version efficiency is very low due to their biological limita-
tions (<10%) [130]. Light fermentation bacteria also have
these constraints. Some bacteria that are used in dark
fermentation cannot produce hydrogen directly due to
thermodynamic constraints [19]; some bacteria cope with
this by producing methane first, which they can then break
down into carbon dioxide and hydrogen. This inhibition de-
creases their biological performance down to <15% conver-
sion efficiency [19,67].
In addition, both fermentation pathways have awide range
of substrate hydrolysis efficiencies i.e. consumption of feed-
stock (30e40% up to 80e95%) depending on the composition of
the feedstock [28,65]. Algal bioreactor sludge was utilised as a
feedstock, which has an estimated 65% (±15%) substrate hy-
drolysis efficiency for dark fermentation and 55% (±10%) for
light fermentation [65]. When simplified to include both bio-
logical limitations and substrate efficiencies, the pathway ef-
ficiencies for dark and light fermentation are estimated to be
9% and 6%, respectively.
Due to the feedstock demand having the highest level of
influence, the above findings have the potential to reorder the
performance ranking across the 19 pathways.
Key findings
The fuel gas pathways and fuel cell combinations were high-
lighted based on best performances across four parameters:
fuel cell output, fuel gas demands, raw gas demands, and raw
feedstock demands. These affect each pathway's performance
for producing a 1 MWh of fuel cell electrical output and have
been ranked in order of lowest to highest feedstock use (Table
5). This ranking attempts to reflect the efficiency of the pro-
cess chain to produce a given amount of electricity by
inspecting the amount of feedstock necessary. This amount
not only indicates the quantity of feedstock, but also hints at
transport energy requirements. In interpreting this table,
though, care must be given to the quality of the feedstock. A
lower quality feedstock (e.g. sewage sludge) may imply higher
mass, but might be preferable to lower amounts of higher
value feedstock (e.g. waste fats) that could be to alternative
uses. This aspect, though, has not been fully investigated in
this paper. Nevertheless, Table 5 gives first indications of
feedstock quality.
Out of the biological pathways, anaerobic digestion biogas
and biomethane had the lowest feedstock demands, fuel gas
demands, and highest fuel cell output, with the fossil
hydrogen reference cases both above and below, demon-
strating the potential of anaerobic digestion potential as a
competitive processing method. It is understood that using
gas-grid reference cases does not result in fully comparable
values, but by comparing the performance of existing path-
ways to that of alternative pathways, it is possible to scale theprocess chains against the reference cases. All four top
ranking pathways have results for SOFC systems. Both
fermentation pathways showed the most promising perfor-
mance, in regards to high fuel cell output and low fuel gas
demand, but have the highest feedstock demands due to the
low process efficiencies, with metabolic processing ranking
just below the fossil hydrogen reference case e another
potentially competitive pathway.
Overall, this paper has found the following:
i. In our analysis, methane rich fuels have greater per-
formance, due to the high gravimetric energy density
and fewer processing stages than hydrogen, when used
in SOFC.
ii. Hydrogen from natural gas and metabolic processing
methods predominately has only slightly greater
biomass feedstock demands. Light and dark fermenta-
tion have the highest, but can be combined for higher
hydrogen yields, as well as metabolic processing, which
could potentially reduce their high feedstock demand in
future assessments.
iii. Anaerobic digestion and gasification have the highest
process efficiencies, followed by SCWG. They have low
to mid-range fuel gas and feedstock demands due to
their high input/high yield processes.
iv. SCWG and Gasification syngas have the highest fuel gas
demand andmid-range feedstock demands due to a low
heating value.
v. The natural gas and fossil hydrogen reference cases are
only presented for comparison and to demonstrate how
competitive other pathways can be. Since they do not
rely on any ‘feedstock’ a final comparison cannot truly
be made. Nevertheless, it can be stated that the con-
version efficiency (gas cleaning and reforming to
hydrogen) do not differ from the biomass based path-
ways and the fossil carbon of the fuel will lead to
considerable net carbon dioxide emissions. Biomass
based fuels have no inherent net carbon emissions
apart from the processing energy required, though this
aspect is taken care of in the efficiency calculations.
vi. SOFC technologies outperformed PEFCs, with their in-
ternal reforming capabilities also allowing for a higher
variation of fuel gases.
In addition to this assessment, it was found that each
pathway feedstock determines the yield of fuel gases, and so
high stack fuel demand may not be an issue if the biomass
feedstock demand is low. Examples of this are the hydrogen
pathways. They have low conversion process efficiency and
fuel cell outputs, but moderate fuel gas and feedstock de-
mands, due to the high gravimetric energy density of
hydrogen, which increases the pathway's initial performance.
This factor demonstrates the importance of looking at multi-
ple perspectives in thoroughly assessing both the pathways
and the technologies involved.
The performance of fermentation and metabolic process-
ing pathways are a common theme across literature. Their
low process efficiencies are due to the biological limitations,
within the organisms themselves, for sunlight conversion.
However, due to the purity of the hydrogen produced and high
Table 5 e Pathway summary table ranked in feedstock demand performance.
Ref. Fuel Gas Fuel Cell
Type
Fuel Cell
Output
Fuel Gas
Demand
Raw Gas
Demand
Raw Feedstock
Demand
Raw Inputs and
Waste Types
(kWh/kg) (kg/MWh) (kg/MWh) (kg/MWh)
RCa De-sulphured Natural Gas SOFC 8.33 157.98 166.29 207.87 Sour Natural Gasa
1a Biogas SOFC 6.00 166.65 196.06 261.42 Biowastesb
1b Biomethane SOFC 8.33 119.99 200.72 267.62 Biowastesb
RCb (Fossil) Hydrogen SOFC 20.00 49.99 309.54 386.92 Sour Natural Gasa
RCb (Fossil) Hydrogen PEFC 15.00 66.66 412.76 515.95 Sour Natural Gasa
2 Hydrogen SOFC 20.00 49.99 58.81 588.12 Algae starter, CO2 & H2O
c
1c Hydrogen (BM) SOFC 20.00 49.99 491.89 655.86 Biowastes b
5a Syngas SOFC 2.17 461.50 542.94 775.63 Woody biomass d
2 Hydrogen PEFC 15.00 66.66 78.43 784.25 Algae starter, CO2 & H2O
c
1c Hydrogen (BM) PEFC 15.00 66.66 655.94 874.58 Biowastes b
4a Syngas SOFC 2.17 461.50 461.50 960.62 Woody biomass d
5b Hydrogen (SG) SOFC 20.00 49.99 789.76 1128.23 Woody biomass d
3a Hydrogen SOFC 20.00 49.99 58.81 1131.52 Biowastes b
4b Hydrogen (SG) SOFC 20.00 49.99 789.76 1397.30 Woody biomass d
5b Hydrogen (SG) PEFC 15.00 66.66 1053.14 1504.48 Woody biomass d
3a Hydrogen PEFC 15.00 66.66 78.43 1508.88 Biowastes b
3b Hydrogen SOFC 20.00 49.99 58.81 1851.58 Biowastes b
4b Hydrogen (SG) PEFC 15.00 66.66 1053.14 2192.11 Woody biomass d
3b Hydrogen PEFC 15.00 66.66 78.43 2469.07 Biowastes b
Reference guide:
1a Anaerobic Digestion, Biogas
1b Anaerobic Digestion, Biomethane from Biogas
1c Anaerobic Digestion, Hydrogen from Biomethane
2 Metabolic Processing, Hydrogen
3a Dark Fermentation, Hydrogen
3b Light Fermentation, Hydrogen
4a Gasification, Syngas
4b Gasification, Hydrogen from Syngas
5a Supercritical Water Gasification, Syngas
5b Supercritical Water Gasification, Hydrogen from Syngas
RCa Reference Case, Natural Gas
RCb Reference Case, Hydrogen from Natural Gas
a Sour natural gas, extracted from reserve.
b Agricultural residues and slurries.
c Agricultural wastewater is a suitable input for algae cultivation.
d Sustainable forestry residues, logging rejects, infested wood, etc.
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fermentation processes does not out-weigh their potential. To
improve metabolic processing, genetically engineered algae
and bacteria would help the technology to become commer-
cially viable. This would result in higher yields of hydrogen
with a higher efficiency rate. These modifications at a cellular
level could increase growth, speed up the uptake of glucose,
sucrose etc., and promote the continuous hydrogen produc-
tion without inhibition [144,145]. Therefore, increasing the
biological efficiency would significantly improve these bio-
logical pathways across all areas, as well as decrease the size
(and therefore cost) of the bioreactors required to produce the
same, if not higher, hydrogen yields.Conclusions
Promising pathways for using biomass sources to derive gases
for fuel cell applications in comparison with natural gas and
fossil hydrogen were: anaerobic digestion and metabolic
processing. These pathways can utilise waste residues, slur-
ries, and wastewater from agricultural sectors to effectivelyproduce useful gaseous fuels. Conversely, the results of the
two reference cases are not specifically superior to the
biomass pathways, showing that these are competitive sys-
tems. As natural gas and fossil hydrogen are based on fossil
fuel sources, they do not constitute sustainable pathways. An
additional finding was that the potential for fuel gas uses can
vary due to the variation of biomass feedstock and fuel gas
yields produced from these conversion pathways, including
sources for both SOFCs and PEFCs.
Key findings of this study include the insight that even
pathways with low efficiency and high fuel gas demands have
the potential to be more sustainable. This is due to higher
yielding biomass feedstock, compared to pathways with
higher efficiency, low fuel gas demands, and higher feedstock
demands. SOFCs proved to be a more favourable technology
than PEFCs, due to their wide range of fuel choices and higher
efficiency.Declarations of interest
None.
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